Abstract. Color barcodes enable higher information density with respect to traditional black and white barcodes. Existing technologies use small color palettes and display the colors in the palette in the barcode itself for easy and robust decoding. This solution comes at the cost of reduced information density due to the fact that the displayed reference colors cannot be used to encode information. We introduce a new approach to color barcode decoding that uses a relatively large palettes (up to 24 colors) and a small number of reference colors (2 to 6) to be displayed in a barcode. Our decoding method specifically accounts for specular reflections using a dichromatic model. The experimental results show that our decoding algorithm achieves higher information rate with a very low probability of decoding error compared to previous approaches that use a color palette for decoding.
Introduction
Barcodes can be characterized by their information rate, that is, by the number of bits that can be encoded within a certain barcode size. One way to increase a barcode's information rate is through the use of color. By using a palette of N colors, a barcode can convey log 2 N times more bits than a traditional black and white barcode. The most successful example of color barcode is Microsoft Tag, which is based on HCCB (High Capacity Color Barcode) technology [1] . HCCB uses a grid of colored triangles with 4 colors to encode data. To ensure robust decoding, HCCB barcodes display the four colors in a set of "reference patches" at known positions in the barcode.
Displaying the reference colors in the barcode enables simple decoding strategies. For example, one may compare each color patch to the reference colors, and select the reference color that is closest to the color of the patch. At the same time, displaying all colors in the palette may be counterproductive, in terms of information rate, when large palettes are used [2] . In other words, for large palette size N , the savings produced by a large variety of color palette are offset by the need to display all colors in the palette. Based on this observation, Bagherinia and Manduchi [2] proposed the use of fairly large palettes with a limited number of reference colors displayed in the barcode. Rather than comparing a color patch to a reference color, they modeled the joint color variation of the patch and of the reference colors under varying illuminant by a low-dimensional linear space. These subspaces (one per each color in the palette) can be learned offline with training images taken under multiple illuminants. When decoding a barcode image, each patch is analyzed individually, together with the reference colors. Decoding the patch color becomes a problem of associating the vector formed by the patch color and the reference colors to the closest subspace.
The linear model of [2] was built under the assumption of Lambertian surface reflectance, and thus is liable to failure when substantial specular reflection is present in the image. Since the barcode material (e.g. printed paper) is hardly Lambertian, a specular component is to be expected when the barcode is viewed from an angle. Our goal in this work was to extend the model of Bagherinia and Manduchi to explicitly account for specular reflection. We use the dichromatic model [3] to describe the appearance of a surface under specular reflection, and show how this can be included in the subspace-based decoding approach of [2], which is augmented based on the observed color of a white patch. The experimental results on images taken under a wide variety of illuminants and viewing angles show a substantial improvement (in terms of reduced decoding error rate) with respect to the original system that assumed Lambertian surface reflectance. In quantitative terms, we show that, by using a palette with N = 20 colors and 4 reference colors displayed in the barcode, we are able to encode a 128-bit message using 34 patches overall with 0 decoding errors in our test set. Compared to the 4-color HCCB standard that displays all 4 colors (and thus requires 68 patches to encode the same message), we achieve a reduction of the barcode size by one half.
Related Work
A patent by Han et al. [4] , who used reference cells to provide standard colors for correct indexing, is possibly the first reported attempt to use color in a 2-D barcode This technology is marketed by Colorzip Media (colorzip.com). Later examples of color barcode technology include the method by Bulan et al. [5] , who embed data in two different printer colorant channels via halftone-dot orientation modulation, Grillo et al. [6] , who used 4 or 16 colors in a regular QR code, and Kato et al. [7] who selected colors that are maximally separated in a plane of the RGB color cube. Pei et al. used four colors in a color barcode technology named "Continuous Color Barcode Symbols" [8] . Blasinski et al. [9] proposed a framework that exploits the spectral diversity between the color channels (C, M, and Y) used in regular color printers, and the (R, G, B) color channels used in color cameras.
Several existing decoding algorithms (including HCCB [1] ) include a color clustering step to identify the most representative colors in the barcode. For example, the method of Sali and Lax [10] uses a k-means classifier to assign the (R,G,B) value of a color patch to one reference color. Color clustering, however,
